I. INTRODUCTION
T HE NATIONAL Institute of Standards and Technology (NIST) electronic kilogram experiment used to measure the Planck's constant h is of the watt balance type [1] , which is discussed in detail in recent papers [2] , [3] . Described briefly, the balance consists of an induction coil suspended below and connected to a mass balance. The induction coil is aligned to the earth's gravitational field and to the plane of a horizontal radial magnetic field generated by a superconducting solenoid. Current I in the induction coil generates a force F to balance that of gravity g on a standard mass m. The induction coil, moving with velocity v, generates a voltage U . The ratio of the quotients of measured values F/I and U/v is independent to first order in time of the magnetic flux density. Rearranging the variables in this ratio gives mechanical power as force times velocity relative to electrical power as voltage times current, i.e., (F v)/(UI) ≡ 1 in SI units.
(
These measurements are traceable to standard references. Force is measured as the acceleration of gravity on a mass, i.e., F = mg. Current is measured as voltage referenced to the Josephson effect, across a resistor measured relative to the quantum Hall effect. Time and frequency, derived from atomic time standards, are involved in measuring the coil velocity, acceleration due to gravity, and voltage. Length, derived from laser interferometry, is likewise involved in the velocity and gravity determinations. Voltage and resistance are measured 
where the curly brackets indicate numerical values measured in appropriate SI or 1990 realized units. Ultimately, the goal of this experiment is to define a mass reference in kilogram units that is traceable to quantum-based electronic standards, instead of an artifact mass standard.
II. IMPROVEMENTS AND LOWER UNCERTAINTY

A. Type B Uncertainties
The largest uncertainty components for this experiment are listed in Table I. The complete table was reported for the 2005 result [2] . The largest of these earlier uncertainties was in the value for the acceleration of gravity upon the mass, which is needed to determine the force. The measurement starts with a value from an absolute gravimeter, located on the first floor of the laboratory building. With a recently acquired g-transfer meter, we measured the vertical, or z-dependent, gradient near the gravimeter, the gradient near the mass, and the difference in g to near the 4-m height of the mass. The data recorded in 2004 have a large uncertainty on the transfer and were measured with the upper part of the vacuum chamber raised about 1 m. The newer data confirmed that the transfer value was reasonably accurate but found that the approximately 250-kg chamber lid has a proximity effect, decreasing g at the vacuum chamber deck by U.S. Government work not protected by U.S. copyright. 7 nW/W when lowered. (For easier comparison, most corrections or uncertainties are reported in effective nW/W units.) The lid perturbation to gravity acceleration at the mass was estimated at between 0.3 and 3 nW/W. Later tests with the lid raised and lowered while the transfer meter was elevated to nearly mass level showed an increase of 1.1 ± 0.6 nW/W. With new values for the gradients, a correction to the 2005 estimate for g is +6 nW/W. The value of g has been monitored irregularly at this site for more than 30 years, and most recent regular gravimeter data show no long-term variation. The estimated uncertainty in the gravimeter is 4 nW/W, and with scatter in the g-transfer meter data, we assign a 12-nW/W uncertainty in g. More gravity measurements should improve this.
The second biggest uncertainty in the earlier result was the wheel surface flatness. Since the interface between the bandwire supporting the induction coil and the surface of the balance wheel is not perfectly smooth, there may be small horizontal motions of the band, where the wire or wheel surface has a bump. The coil's position (averaged over extraneous motions from swinging, etc.) in the x−y plane at a specific vertical position should be the same whether the coil is static in force mode or moving vertically in velocity mode, so inductive coupling in either mode is the same. However, our method of calculating the volt/velocity quotient at specific vertical locations smoothes over small localized variations that are well within the signal noise, so this effect was a concern. To independently measure this effect at various rotation angles of the wheel, the coil can be electromagnetically "pushed" away from its normal hanging position, and any change in the vertical force is measured as a change in servo-control current. By improving the servocontrol sensitivity and finding a discrepant calculation in the force difference, a new measurement for both the old support band and the new smoother one showed that the effect is less than 2 nW/W across a large angle of the balance wheel.
The electrical pathways of the two modes differ slightly. The volt/velocity circuit has a digital voltmeter (DVM), a Josephson voltage standard, a moving induction coil, and a fixed coil, all in series. The force/current circuit has a DVM, a Josephson voltage standard, and a resistor in a series circuit, which is parallel to a series circuit of a resistor, a current supply, and an induction coil. To account for stray leakage paths in the circuits, an electrical grounding uncertainty was earlier estimated at 12 nW/W. However, the watt data displayed a sudden shift after April 13. An investigation found the behavior shown in Fig. 1 , indicating that the shift and subsequent variability were dependent on relative humidity (RH). The statistical parameter R 2 , or coefficient of determination, for a linear fit was 0.27 for postApril 13 data and 0.02 for earlier. The R 2 for the 2004-2005 data was 1 × 10 −5 . A correction factor of 0.963 nW/W per %RH from the slope of the linear fit was then applied. The effect does not seem to integrate over time, so such rapid sensitivity to humidity suggests that an electronic component has a water adsorption problem. There were changes to the alternating current power transformer inside the current supply during the 2005 interim shutdown; however, current leakage tests found no reduced resistance path. Tests on the DVMs indicated a time-dependent leakage, yet no change in watt data was evident with different DVMs, nor with a change to the volt/velocity circuit ground point. A plastic bag was placed over the Josephson array probe to trap vented helium gas to dry those circuit components, but again no effect was seen. Low-noise watt data have never been recorded during the summer, when the laboratory room humidity is 45% instead of 10%-15% in the winter, but the sudden onset implies a circuit breakdown. No tests have yet identified the problematic source since it was discovered in late June 2006. Since there may be a loss factor even for dry conditions, we increase electrical grounding uncertainty to 15 nW/W.
Of the reference standards in the system, mass and resistance did have the largest uncertainties. We transfer a wire-wound 100 Ω standard from the NIST resistance calibration laboratory to our local oil bath. There are 11 time segments identified for three different resistors (Fig. 2) , each calibrated between transfers on all but very short interchanges. To minimize temperature shocks, each resistor was hand-carried in oil heated to 25
• C. This solved a problem of resistor value jumps when previously transported in air. By keeping two resistors in our local bath, we could switch between them to check if a newly transferred resistor had shifted. The connectors at the resistors have also caused intermittent problems, usually as increased current noise. We cannot yet justify that the transport issue can be treated as part of the Type A uncertainty and separate from the base traceability to the quantum Hall effect standard, but we have more confidence that the 10 nW/W value assigned to resistance is a good upper limit.
The mass standard was calibrated three times since July 2004. The calibrations implied that its value had increased by 25 µg (December 2005), then decreased by 10 µg (February 2006). The latest value taken at the end of this data set (June 2006) is the same as the previous value, within the calibration uncertainty of about 4 µg. We had hoped the PtIr was hard enough to withstand more than 150 lifts, per run, on the three contact points (bronze balls) of the mass pan and the lifter arm, but an unanticipated change to the mass may have occurred. Upon close examination of the mass surface, we found short arcs of bright pinpoints around a dark narrow scratch ring at the radius of the contact points. Historically, a gold reference mass had been used before the PtIr mass in 2004, and we continued to use a gold tare mass until it started sticking to its threepoint mover arm. Gold had worn off from the soft tare mass, enough to cause cold-welding at the contact points. Although the PtIr surface composition has not been analyzed, it is likely that gold from the prior reference mass had contaminated the mover points, which then rubbed onto the PtIr surface, thus appearing as the bright dots. During subsequent use, the gold contamination or perhaps PtIr then abraded from the mass. The PtIr mass now seems stable throughout this data set, so we estimate a lower mass uncertainty of 10 nW/W.
Since it is possible that a test mass has a nonzero magnetic susceptibility, its position in the balance system is surrounded by a Helmholz coil to cancel the background magnetic field from the superconductor solenoid (about 0.2 mT). The canceling current in this coil was measured with a flux meter but was not implemented for this data set. A correction for the PtIr mass magnetic susceptibility in the ambient field was calculated by measuring force changes in the balance when changing current in the Helmholz coil. However, even when the "wrong" reversed current was applied during a normal watt run, there was no apparent effect. A correction for PtIr is expected to be smaller, but an uncertainty of 7 nW/W is assigned as the uncertainty contribution.
For the last remaining large uncertainty, it might not be possible to reduce the fitting order uncertainty contribution below 16 nW/W until moving to a quieter location. The U/v quotient profile is a smooth M-shape, with a range from the center minimum to the upper shoulders of about 120 µW/W equivalent. The shape arises from the z dependence in the magnetic flux density. There is noise on this curve at the 10-Hz sampling frequency with an amplitude equivalent of about 10 µW/W. Much of the noise comes from the 22-Hz ground vibrations exciting the resonant vibration mode of the induction coil and support tubes. An imperfect phase match between the optical velocity signal and the voltage signal, plus noise in the detectors, leaves the residual noise. The vibration-induced coil oscillation signal peak amplitude is about 10 mV, but correlation analysis rejects by 1000 to leave the phase noise. The U/v profile is derived from all traces in a run, then locally averaged over 10 to 20 traces of typically 800 points to determine the U/v quotient at exactly the force balance position, gaining another factor of 200 or more in noise reduction. At least sixth order is necessary for a reasonable fit, but the U/v quotient value varies with fit order by up to 16 nW/W. A twelfth order fit is chosen to be better than a coarse fit but not so fine as to be sensitive to temporary coil swinging instability. Since the value variations correlate with fit order for different runs of data, this residual phase noise may be hiding very small but real z variations in the magnetic flux density or nonvertical motions of the coil. It may also be a statistical reduction artifact.
Both the profile and watt calculations assume a constant or very slowly drifting magnetic flux density. Recent observations have discovered that long-term magnetic flux density variability is also correlated with changes in RH at a rate of about 0.5 µW/W for a 10% change in the RH with about a 2-h lag time. This larger variation is slow enough to allow a local linear approximation for drift. Observations of the force current measurements and the main 5-A solenoid current directly, at 60-and 2-s filter times, respectively, show that the magnetic field is generally stable to within 20 nW/W equivalent from seconds up to a few minutes. This short-term variability is adequate and is considered part of the random noise contribution.
B. Type A Uncertainty
After shutdown in March 2005, operations resumed the following November, with some minor program, instrument, and alignment modifications. The data values (Fig. 3 ) and scatter were very similar to the previous set, with a hint that it was significantly quieter after February 2006, when a series of program servo improvements were implemented. A new program for recording the induction coil's alignment parameters (x, y, and tilt) was instituted in March 2006. These data provide daily corrections for five different alignment parameters (two more are not yet calculated). In addition, the interferometer laser verticality correction is updated weekly. For the typical balance setting, the maximum total misalignment correction is about 20 nW/W. Only the coil's x−y position can be adjusted while under vacuum (mostly for testing purposes), but the consistency of all alignment parameters over months implies that the overall balance and magnetic field alignments are stable, with room temperature changes causing the greatest effect. The misalignment corrections are checked by intentionally misaligning the coil by up to 0.6 mm in either x or y direction. These test points, other special tests, and a few short periods, where instrument failures were diagnosed, are not included in the watt data result.
The data include 2183 points recorded in 134 sets. The Type A uncertainty of 13 nW/W is the sample standard deviation of the sets. The usual standard deviation of the mean is not used, since there is likely some nonwhite noise. A more sophisticated statistical analysis is being prepared, but this is not yet the dominant uncertainty. As is apparent in Fig. 3 , there is a slight improvement over the day-to-day scatter at 16 nW/W of the 2005 data set. The variations in the earlier data are probably dominated by transport-related drift in the resistor standards. In taking the average of all data since November 2005, the average for {W 90 /W − 1} is 8 nW/W.
III. CONCLUSION
In September 2005, the most recent result for this experiment [3] was published with a 52-nW/W combined relative standard uncertainty. There were 22 Type B uncertainties identified. The combined uncertainty was dominated by eight Type B uncertainty contributions with values greater than 10 nW/W. After a shutdown of eight months, the data have been accumulated for another seven months, from December 2005 to June 2006. By improving upon the largest of the Type B uncertainty components, a root-sum-squared combination of all the Type B uncertainties gives 33.5 nW/W. The combined relative standard uncertainty for our latest result is 36 nW/W. This gives a new result for the watt ratio {W 90 /W − 1} of 8 ± 36 nW/W, similar to the 2005 value of 24 ± 52 nW/W and approaching the target uncertainty of 20 nW/W. (Several corrections, such as for magnetic susceptibility and gravity, would apply to the 2005 result, but we do not alter the published value here, since they were accounted for in the uncertainty.) Further reduction of the uncertainty should be possible by the middle of 2007. Time may be too short to improve the electronics or to trace the humidity-dependent components. Significant improvements can yet be accomplished with more frequent calibrations of the mass and resistance standards, greater experience in using the g-transfer meter, and using the great stability of the system to find and improve on other possible systematic factors.
